Abstract-This paper proposes a three-phase photovoltaic (PV) system with three-level boosting maximum power point tracking (MPPT) control. A simple MPPT control using a power hysteresis tracks the maximum power point (MPP), giving direct duty control for the three-level boost converter. The three-level boost converter reduces the reverse recovery losses of the diodes. Also, a weighted-error proportional and integral (PI) controller is suggested to control the dc link voltage faster. All algorithms and controllers were implemented on a single-chip microprocessor. Experimental results obtained on a 10-kW prototype show high performance, such as an MPPT efficiency (MPPT effectiveness) of 99.6%, a near-unity power factor, and a power conversion efficiency of 96.2%.
I. INTRODUCTION
E NVIRONMENTAL concerns about global warming, fossil fuel exhaustion, and the need to reduce carbon dioxide emissions provide the stimulus to seek renewable energy sources. Specifically, solar energy has the advantages of no pollution, low maintenance cost, no installation area limitation, and no noise due to the absence of the moving parts. However, high initial capital cost and low energy conversion efficiency have deterred its popularity. Therefore, it is important to reduce the installation cost and to increase the energy conversion efficiency of photovaltaic (PV) arrays and the power conversion efficiency of PV systems.
PV arrays are known to be nonlinear, and there exists one operating point where the PV array generates maximum power. In order to achieve maximum utilization efficiency of the PV array, the MPPT control technique, which extracts the maximum possible power from the PV array, is essential. Various MPPT control methods have been proposed, such as the lookup table method [1] , [2] , incremental conductance (IC) method [3] - [6] , and perturb-and-observe (P&O) method [6] - [9] . The lookup table method requires prior examination of the PV array characteristics. However, PV array characteristics depend on many complex factors, such as temperature, aging, and the possible breakdown of individual cells. Therefore, it is difficult to record and store all possible system conditions [1] , [2] . In contrast, the . This method provides good performance under rapidly changing conditions [3] - [5] . The P&O method perturbs the operating voltage of the PV array in order to find the direction change for maximizing power. If power increases, then the operating voltage is further perturbed in the same direction, whereas if it decreases, then the direction of operating voltage perturbation is reversed [6] - [9] . This paper suggests a simple MPPT method for the three-level boost converter. This MPPT control uses power hysteresis to track the MPP, giving direct duty control.
As a conventional PV system, a single-stage inverter with transformer is widely utilized. Its circuit has advantages in that much more utility grid-tie voltage options can be selected by selecting different turns ratios of the isolation transformer. However, the transformer lowers the overall power efficiency and increases the cost and the size [10] . Recently, two-stage PV systems have been proposed without the bulky 50/60 Hz step-up transformer [11] - [15] . These transformerless PV systems have the advantages of small size and reduced cost. This paper proposes a three-phase PV system composed of a three-level boost converter and a three-phase inverter as shown in Fig. 1 . The three-level boost converter reduces the switching losses and the reverse recovery losses. The interleaving technique is utilized for the three-level boost converter to reduce the input filter size by input current ripple cancellation. Also, EMI is lower since the PWM actions are happening between half output voltages. A weighted-error PI controller is suggested for fast dc link voltage control. All control functions are implemented fully in software with a single-chip microprocessor. Thus, the three-phase PV system is realized with minimal hardware and at low cost. Experimental results obtained on a 10-kW prototype show high performance, such as wide range of the PV voltage, high MPPT efficiency (99.6%), high power conversion efficiency (96.2%), a near-unity power factor, and low current THD (2.0%).
II. SYSTEM CONTROL AND ANALYSIS
The proposed PV system is composed of the three-level boost converter and the three-phase inverter. The three-level boost converter performs MPPT control and also gives step-up function of the PV voltage. The three-phase inverter regulates the dc link voltage and generates the ac power. Thus, the three-phase inverter performs a step-down function. The power converter with step up/down function allows a wide range of PV voltages. The three-level boost converter has several advantages in high voltage applications such as reduced switching losses and reduced reverse recovery losses of the diode [16] - [18] . The high voltage rated IGBT used in the conventional boost converter has a larger on-drop voltage than the low voltage rated IGBT. However, the IGBT used in the three-level boost converter has half the rating of that used in the conventional boost converter. Assuming the same output capacitance for devices with different voltage ratings, the capacitive turn-on loss of the three-level boost converter is reduced eight times. The reverse recovery losses of the diode are also reduced, since the reverse voltage is half of the output dc link voltage, and the diodes with half voltage rating are faster.
A. Maximum Power Point Tracking
The P&O method has an advantage of not requiring solar panel characteristics as inputs and being easy to implement. This paper suggests a simple P&O method for the three-level boost converter. The MPPT process and its flowchart are shown in Figs (1)
The current PV power is calculated by the PV voltage and the PV current , which are averaged during the MPPT control period. After the startup of the MPPT control, the operating point moves to MPP through the path and . After the operating point reaches the MPP, the operating point varies between point and point . Point and point are determined by the comparative power for the MPPT direction. The comparative power has a hysteresis characteristic as follows: where is the PV power updated at the previous cycle and is the power hysteresis for perturbing the power variation. Finally, the duty ratio direction of the three-level boost converter is directly determined by the . The duty ratio is increased when the is 0 and decreased when the is 1. 
B. Three-Level Boost Converter and DC Link Voltage Balancing Control
When the duty ratio is less than 0.5, the waveforms of the three-level boost converter are shown in Fig. 4(a) . Prior to , switches and are turned off. At , which is the beginning of a switching cycle, the switch is turned on and the current flows through , , , and . The PV current increases as follows: (3) where (4) At , the switch is turned off and both switches are not conducting. The current flows through , , , , and , and the PV current decreases as follows:
At , the switch is turned on and the current flows through , , , and . The PV current increases like as (3). At , the switch is turned off and both switches are not conducting. The current flows through , , , , and . The PV current decreases, as in (5) . When the duty ratio is grater than 0.5, the waveforms of the three-level boost converter are shown in Fig. 4(b) . Prior to , the switch is turned off and the switch is turned on. At , the switch is turned on and both switches are conducting. The PV current increases like a conventional boost converter (6) At , the switch is turned off and the current flows through , , , and . The PV current decreases as follows:
At , the switch is turned on and both switches are conducting. The PV current increases again, as in (6) . At , the switch is turned off and the current flows through , , , and . The PV current decreases as in (7) . Since the capacitors and are alternatively charged, their voltages and are theoretically balanced. In reality, they are not since the parameters of the components are not exactly balanced. To ensure equal voltages of the two capacitors and , a voltage balancing controller is essential. Fig. 5 shows the controller of the three-level boost converter that ensures equal balancing of the dc link voltages and . The duty ratio of the boost switch is determined by the MPPT control and the duty ratio of the boost switch is determined by adding an additional duty for the dc link voltage balance . The additional duty for current balance is (8) where is the integral control gain of the dc link voltage balancing controller.
The total dc link voltage is regulated by the inverter. As the dc link voltage is increased, the inverter increases the output power. On the other hand, as the dc link voltage is decreased, the inverter decreases the output power.
C. Fast DC Link Voltage Control
In Fig. 1 , , , and are the grid voltages and , , and are the output leg voltages. , , and are the output currents. The voltage equations in the stationary frame are (9) where and are the maximum phase voltage and angular frequency of the grid, respectively. The voltage equations in the stationary frame are given by (10) The voltage equations in the synchronous frame are given by (11) where and are the -axis output voltage and current, and and are the -axis output voltage and current. The grid voltages of -axis are and . For a unity power factor, it is desirable that the -axis current is zero. Then the -axis current is controlled with the zero reference current . The active power supplied to the grid is (12) Since the active power is directly proportional to the -axis current , the -axis reference current is generated from the PI voltage controller for the dc link voltage regulation. The conventional PI voltage controller is (14) , the term is included. Fig. 6 shows the difference of the error term of the conventional PI controller (14) and the error term of the suggested weighted-error PI controller (16) . The horizontal axis represents the difference of and , and the vertical axis represents the weighted error . Due to the term of in error term of the suggested controller, a large error between and increases the weighted-error more than the error voltage of the conventional PI controller . Therefore, if the voltage error is large, then the dc link voltage is controlled rapidly as the PI controller has a large gain. In contrast, if the voltage error is small, the suggested controller gives almost the same characteristic as the conventional PI controller. Since the stability problem based on the small-signal analysis is handled with almost zero voltage error, the stability of the proposed weighted-error-based PI controller is almost the same as the conventional PI controller.
D. Current Controller for Unity Power Factor
The voltage equations (9) are transformed from the stationary frame to the synchronous frame as follows: To make the input currents track the reference currents, the PI current controllers can be utilized. However, the PI current controllers do not work well as rapid tracking controllers for the coupled system in (17) . To avoid this problem, the following decoupling control is effective: (18) With the addition of the overall current controller (18) to the inverter (17) , which is originally a coupled dynamic system, the input-output relations of the inverter become first-order decoupled linear dynamic systems with easy controllability as follows:
The output signals and of the current controllers generate transient additional voltages required to maintain the sinusoidal input currents (20) and are proportional control gains and and are integral control gains. Thus, the overall current controller in the synchronous reference frame relaxes the burden of the PI current controllers and improves the input current waveform. Fig. 7 shows the decoupled control diagram for the inverter system.
The PWM pulses of the three-phase inverter are generated by the space-vector modulation (SVM) technique. The SVM technique is a popular PWM method for the three-phase inverter with isolated neutral load because of two excellent features: Its maximum output voltage is 15.5% greater and the number of switching is about 33% less at the same carrier frequency than the ones obtained by the sinusoidal pulse-width modulation method. An effective software implementation of the SVM for current control on the rotating frame [19] is adopted.
III. EXPERIMENTAL RESULTS
The hardware circuit of the three-phase PV system in Fig. 1 is implemented. It is divided into two parts: the microprocessor-based control circuit and the power circuit. In the microprocessor-based control system, software flexibility facilitates the development and updating of control algorithms and allows modern control theory to be adopted for higher performance. Moreover, a single-chip microprocessor can implement the controller at a lower cost and a smaller size than a general-purpose microprocessor with accompanying external circuits. The overall control diagram of the PV system, as shown in Fig. 8 , is implemented fully in software using a single-chip microprocessor, Microchip dsPIC30F6015. Voltage and current signals are measured by using the 10-bit analog-to-digital (A/D) converter in the microprocessor. The implementation of the voltage and current controllers is performed every sample period of 100 s. Also, the MPPT controller is performed every 100-ms period.
The selected PV array parameters for the experimental results are presented in Table I . The three-phase PV system was tested over the 380-V line-to-line output voltage, and the switching frequencies of the three-level boost converter and the inverter were 10 kHz. The major components and parameters of the hardware circuit used for experiments are presented in Table II . A photograph of the experimental setup of the three-phase PV system is shown in Fig. 9 .
The perturbing power variation for searching the MPP is dependent on the power hysteresis . If the power hysteresis is too small, the MPPT control becomes very sensitive and can be easily disturbed by the measurement uncertainty even though averaged sensing data is used. For proper MPPT operation, the power hysteresis should be greater than the maximum measurement error. However, a large power hysteresis decreases the MPPT efficiency at a low insolation. To overcome this problem, a variable power hysteresis relative to the PV power (insolation) is used. Thus, the perturbing power variation TABLE I  PV ARRAY SPECIFICATIONS   TABLE II  PV SYSTEM PARAMETERS is minimized and the MPPT efficiency is increased. The variable power hysteresis is adopted as
where and are a proportional factor and an offset power, respectively. The offset power is selected as a Fig. 9 . Prototype of the proposed three-phase PV system. maximum measurement error 0.2% of the PV power system. To track the MPP, the constant value of should be higher than the maximum peak-to-peak PV power variation at rated PV power. The selected value was 0.01, which is the percent peak-to-peak PV power variation plus an additional 50% margin at rated PV power. Fig. 10(a) and (b) show the startup behavior of the proposed MPPT control in a PV1 characteristic condition. Fig. 10(a) shows the PV power against PV voltage and (b) shows the PV power against time. The MPPT control is started at point a. After 15 s, the PCS input power reaches the maximum PV power at point b. The MPPT efficiency (MPPT effectiveness) is measured by Myway MWBFP APL2 simulator and MWBFP2-SIM simulation software. After the PCS input power reaches the MPP, the measured average PCS input power is 6.97 at 7 kW maximum PV power. The MPPT efficiency is obtained as 6.97 kW 7 kW (22) Fig. 11(a)-(c) show the MPPT performance during abruptly transient PV power. When the maximum PV power is changed from 2 to 7 kW (point c point d) during 1 s, the generating power is tracked to the new maximum PV power in about 3 s. When the maximum PV power is changed from 7 to 2 kW (point d point c) during 1 s, the generating power is tracked to the new maximum power instantaneously. Fig. 12 (a) and (b) show the dc link voltage variation when the PV array power is changed abruptly. The dc link voltage variation is large when the conventional PI controller is adopted as shown in Fig. 12(a) . However, the variation of the dc link voltage is reduced when the weighted-error PI controller is adopted as shown in Fig. 12(b) . This result shows the good performance of the weighted-error PI controller for fast dc link voltage control. Fig. 13 shows the measured grid voltage and current waveforms at 10 kW. It explicitly shows that the grid current is sinusoidal and in phase with the grid voltage, which implies feeding only real power to the grid. The grid current produces a nearunity power factor of 99.5%, and its THD was measured at 2.0%. Additionally, each harmonic component was less than 1.1%. Thus, the THD and harmonic components were kept at low levels, and these also satisfy the following grid current regulation: THD less than 5% and each harmonic component less than 3%. Fig. 14(a) shows the measured efficiency of the proposed PV system and a two-level boosting PV system which is composed of the conventional two-level boost converter and the threephase inverter at full load. At the 300-V PV voltage where the reverse-recovery losses are significant, the power efficiency of the proposed system is 94%, a 2% increase in power efficiency. At the 600-V PV voltage where the reverse-recovery losses are not severe, the power efficiency of the proposed system is 96.2%, a 0.2% increase in power efficiency. Fig. 14(b) shows the measured efficiency against the load at 450-V PV voltage, where the calculated European efficiency [20] is 94.1%. Compared with the conventional two-level boosting PV system, the power efficiency is increased 0.8%.
IV. CONCLUSION
A three-phase PV system with three-level boosting MPPT control is proposed. A simple MPPT control using a power hysteresis tracks the MPP, giving direct duty control for the three-level boost converter. The three-level boost converter reduces the reverse recovery losses of the diodes and increases the overall power efficiency. The weighted-error PI controller is suggested to control the dc link voltage faster. All algorithms and controllers are implemented on a single-chip microprocessor. Experimental results obtained on a 10-kW prototype show high performance of the proposed technique. His research interests include renewable energy, distributed generation, and switch-mode power supplies.
